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Hereditary red blood cell defects (H -RBCDs)

VAnemia affects 1.6 billion people worldwide

VAbout 10% of these individuals are affected by rare anemias of which >80% are hereditary

ÅHemolytic anemias due to red cell membrane defects

ÅHyporegenerative anemias due to ineffective erythropoiesis

ÅHemolytic anemias due to enzymatic defects

ÅAnemias due to defects in iron metabolism genes



Genetic and phenotypic heterogeneity of H -RBCDs

V> 100 genes associated to RBCDs VOverlapping clinical features



Classification of H -RBCDs

Iolascon A, Andolfo I and Russo R, BJH 2019

Iolascon A, Andolfo A, Russo R. Blood 2020

Luzzatto L, De Franceschi L. Chapter 100 . Hemolytic Anemias - Harrison's Hematology and Oncology 2023



Hereditary hemolytic anemias

Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016

Iolascon A, Andolfo I and Russo R, BJH 2019

Luzzatto L, De Franceschi L. Chapter 100 . Hemolytic Anemias - Harrison's Hematology and Oncology 2023

VHereditary hemolytic anemias are a 

heterogeneous group of conditions 

characterized by premature erythrocyte 

destruction and anemia due to intrinsic 

RBC defects



HRBCDs due to erythrocyte membrane defects

VRed blood cell (RBC) membrane disorders are inherited conditions caused by mutations in genes that encode membrane or 

cytoskeletal proteins, as well as transmembrane transporters or channels.

VDecreased red cell deformability 

and permeability

VShortened red cell survival 

VPremature removal of the 

erythrocytes from the 

bloodstream

ÅHemolytic anemia

ÅJaundice

ÅReticulocytosis

ÅSplenomegaly

ÅCholelithiasis

ÅIron overload (PIEZO1-related conditions)

Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016



HRBCDs due to erythrocyte membrane defects

ÅMost RBC membrane defects show an autosomal dominant  inheritance pattern

ÅThe prevalence ranges from

o1:2,000-5,000 for hereditary spherocytosis to

o1:8,000 for dehydrated hereditary stomatocytosis

A.RBC disorders caused by altered membrane structural organization Ą HS

B.RBC disorders caused by altered membrane transport function Ą Hst

Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016

Iolascon A, Andolfo I and Russo R, BJH 2019



Russo et al, AJH 2018; Andolfo et al, Genes 2021; Zaninoni et al, Front Physiol 2018

Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016

Conventional diagnostic workflow

A. RBC disorders caused by altered membrane structural organization

B. RBC disorders caused by altered membrane transport function



First -line investigations



First -line investigations: new methods

VThe investigation of cell shapes mostly relies on the manual

classification of 2D images , causing a subjective and time -

consuming evaluation

VHolographic imaging and machine learning algorithms

VA first diagnosis could be achieved with a turnaround time of 2-4

days

Simionato et al 2020; Merola et al. 2017; Memmolo P. et al, Biosensors and Bioelectronics 2022



Second -line investigations

ÅFlow cytometric Osmotic Fragility Test (FOFT):

the count of red cell is measured sequentially in real-

time flow cytometry

ÅHealthy control samples are necessary

VThe Eosin 5-Maleimide (EMA) binds extracellular membrane-

associated proteins. EMA fluorescence can be detected by flow

cytometry and mainly reflects decreased RBC Band 3

VA recent modified version of the EMA binding test substituted

healthy control samples with fluorescent beads

Glenthøj A et al. Frontiries in Phisiology 2020



Second -line investigations

ÅDecreased Dimax (Ź cell surface, deformability)

ÅRight-shift of osmolarity curve (Ź surface/volume, osmotic fragility and over-hydration)

ÅLeft-shift of osmolarity curve (ŷ surface/volume, osmotic fragility and dehydration)

Zaninoni et al, Front Physiol 2018



Hereditary Spherocytosis (HS)

ÅHS is the most common non-immune hemolytic anemia

ÅAlterations in the proteins of the ankyrin complex weaken the vertical interaction between the cytoskeleton and the 

phospholipid bilayer

Genetic variants in five genes:

ÅANK1 (8p11.21)

ÅSPTA1 (1q23.1)

ÅSPTB (14q23.3)

ÅSLC4A1 (17q21.31)

ÅEPB42 (15q15-q21)

Primary clinical manifestations:

ÅHemolytic anemia

ÅJaundice

ÅReticulocytosis

ÅSplenomegaly

ÅCholelithiasis
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ÅGenetic and allelic heterogeneity

ÅPhenotypically highly variable: from 

symptom-free carriers to patients 

affected by severe hemolysis
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Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016

Iolascon A, Andolfo I and Russo R, BJH 2019
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Andolfo I, Russo R, Gambale A, Iolascon A. Haematologica 2016

Iolascon A, Andolfo I and Russo R, BJH 2019
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Hereditary elliptocytosis (HE)

ÅHE arises from defects in the proteins of the junctional complex that impair the horizontal cytoskeletal interactions

Genetic variants in three genes:

ÅSPTA1 (1q23.1)

ÅSPTB (14q23.3)

ÅEPB41 (1p35.3): severe forms

VThe most common mechanism is the 

damaged association of the spectrin-based 

network, mainly when the defective domain 

impairs the spectrin tetramerization site

Iolascon A, Andolfo I and Russo R, BJH 2019 



Hereditary elliptocytosis (HE)
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ÅMost patients present no anemia or hemolysis
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Second-line investigations:

ÅDecreased Dimax (Ź cell surface, deformability) 

Genetic variants in three genes:

Å SPTA1 (1q23.1)

Å SPTB (14q23.3)

Å EPB41 (1p35.3): severe forms

Iolascon A, Andolfo I and Russo R, BJH 2019; Zaninoni A et al., Front Physiol 2018



Hereditary Pyropoikilocytosis (HPP)

V It is a rare, severe hemolytic anemia characterized by poikilocytosis and fragmented erythrocytes

V Patients often require transfusions

Genetic features:

ÅAR; homozygous or compound heterozygous variants in SPTA1 (1q23.1) that severely disrupt spectrin self-association 

ÅDigenic inheritance of HE-causing mutations in SPTA1-SPTB 
Niss et al, Blood Cells Mol Dis 2016

ÅBiallelic SPTB (14q23.3) mutations
Al-Riyami et al, AJH 2017

Iolascon A, Andolfo I and Russo R, BJH 2019 



RBC disorders caused by altered membrane transport function

V Dehydrated hereditary stomatocytosis (DHS)

V Overhydrated hereditary stomatocytosis (OHS)

V Cryohydrocytosis (CHC)

V Southeast Asian ovalocytosis (SAO)



Conventional diagnostic workflow

Andolfo I, Russo R, Gambale A, Iolascon A. Am J Hematol. 2018

V Dehydrated hereditary stomatocytosis (DHS)

V Overhydrated hereditary stomatocytosis (OHS)

V Cryohydrocytosis (CHC)

V Familial pseudohyperkalemia (FP)

ÅA dominant red cell trait that is generally not associated with hemolytic 

anemia

ÅStomatocytes are rarely observable on PB smear

ÅRBCs from FP patients exhibit a loss of K+ at low temperatures (<37°C, 

mostly 8-10°C), but not at 37°C.

ÅABCB6 belongs to the family of ATP-binding cassette (ABC) transporters 

that transport endogenous and xenobiotic substrates across cellular 

membranes



Hereditary stomatocytoses ( HSt)

V Genotype-phenotype correlation in HSt

V Clinical features of 73 HSt patients stratified according to the genotype

Andolfo I, Russo R, et al. Am J Hematol 2018 



Å DHS can be caused by PIEZO1 (90% of cases) and KCNN4 (10% of cases) variants

Å DHS-PIEZO1 is a pleotropic syndrome characterized by variable phenotypes 

Jankovsky N,  et al AJH 2021; Andolfo et al. AJH 2018; Picard et al., Haem. 2019

Andolfo et al. Haematologica 2016; Andolfo et al. Blood 2013 

Main characteristics 

(PIEZO1)

Macrocytic anemia Hb       MCV   MCHC 

Hemolysis Ret count    LDH    Hap    Bil (tot, ind)

Splenomegaly and gallstones Splenectomy is contraindicated due to 

increased risk of severe 

thromboembolic complications 

Variable numbers of 

stomatocytes at PB smear

<20%

Pre-and/or perinatal edema 

(syndromic form). Pregnancy 

should be monitored 

Pseudohyperkalemia

(syndromic form)

Kalemia 

Severe iron overload

(hepatosiderosis)

Ferritin, transferrin saturation, 

and liver iron concentration 

Courtesy by I. Andolfo

V Left shift for most of PIEZO1

mutations/normal curves for most of 

the KCNN4 mutations 

Dehydrated hereditary stomatocytosis (DHS)



Dehydrated hereditary stomatocytosis (DHS)

PIEZO1 is a mechanoreceptor (non-selective cation channel activated by several mechanical stimuli) that forms a trimeric propeller -

like structure of about 900 kDa in the plasma membrane of cells. GoF variants in PIEZO1 cause DHS.

Andolfo I  et al, AJH 2021 

intracellular

extracellular

ҧK+

ŷCa++

GoF variants in PIEZO1

Altered deformability 

Dehydration 

Resistance to malaria

Red blood cell

Hepatic iron overload 

Liver

Erythroblasts Reticulocytes Erythrocytes

Impaired terminal 

erythroid differentiation

Platelet

Increased thrombotic 

events after splenectomy

Lymphedema

Spleen

Increased 

erythrophagocytosis

Macrophage Lymphatic vessels

Courtesy by I. Andolfo



Russo et al, AJH 2018; Andolfo et al, AJH 2018; Zaninoni et al, Front Physiol 2018 

Russo et al, Front Physiol 2020; Andolfo et al, Genes 2021

Alternative diagnostic workflow

First-line investigations:
1. CBC + retics count
2. peripheral blood (PB) smear
3. family history

Second-line investigations:
1.Osmotic fragility (OF), AGLT50, 

Pink, EMA tests, SDS-PAGE
2.Ektacytometry

Third-line investigations:
1.Direct sequencing of causative 

genes
2.NGS custom panels, WES, WGS

Currently, genetic testing is used early in the diagnostic workflow when:

V the clinical data do not suggest a specific suspicion

V the patient is transfusion dependent

V the sample is shipped from other countries (long shipment )

Ç Second-line investigations Ą useful for reverse phenotyping



Roy NBA, Da Costa L, Russo R. Br J Haematol. 2022

Russo R, Marra R, Rosato BE, Iolascon A, Andolfo I. Front. Physiol. 2020

VNGS analysis allows simultaneous evaluation of many genes

VA drawback remains in the overall complexity of the data analysis Ą the more genes we examine, the greater the number of 

variants we identify

NGS in clinical settings

ÅCustom gene panels (100-200 genes)

ÅDiagnostic yield: 50-70% of analyzed 

patients

ÅModified clinical diagnosis in 10-40% of 

cases

Third -line investigations: genetic testing



Genotype -phenotype correlation in HS (pre-NGS)

Inheritance pattern:

Ådominant in ~75% of cases

Ånon-dominant in 25% of patients (ndHS) Ą usually severe phenotype

ÅDe novo events are mostly related to haploinsufficient mutations in the ANK1 and SPTB genes

Russo R, Andolfo I. HemaSphere Educational Updates in Hematology Book | 2019



Genotype -phenotype correlation in HS (post -NGS)

VSystematic literature review:

ÅCase series reviewed: 13

ÅPeriod: 2022ï2016

ÅOverall sample size: 627 patients (range: 13ï160)

ÅAge distribution: 81.6% (363/445) of enrolled patients were < 14 years

Russo R, et al. 2024 (in submission)

Yang L, et . Clin Genet. 2022

ÅRange: 3-36%

ÅCaveat : case selection bias



Genotype -phenotype correlation in HS (post -NGS)

ÇSPTB or ANK1 variants Ą moderate or severe HS with low 

Hb concentrations and high reticulocyte count

ÇSPTA1 biallelic variants Ą mild-to-severe HS (depending on 

the reduction of SPTA1 production)

Russo R, et al. 2024 (in submission)

Yang L, et . Clin Genet. 2022;  van Vuren A, et al. Hemasphere. 2019

V85 patients:

ÅSPTA1 : 36% (31/85 patients) Ą autosomal 

recessive HS


